Network analysis was used to analyse steady-state models of the food webs of two intertidal mudflat ecosystems: Aiguillon Cove and Brouage Mudflat, on the South-Western Atlantic Coast of France. The aim was to highlight emergent properties of food-web functioning in these two ecosystems and to compare these properties with other coastal ecosystems. Both ecosystems imported detritus in parallel to a high benthic primary production. They were characterised by a high diversity of resources. Both also exported living material, leading to a high quality production, quantified as export of Exergy. This export was mainly composed of cultivated bivalves during the cold season for Brouage Mudflat, and of the migration of grazing fish in Aiguillon Cove during the warm season. Their internal organization was characterised by short pathways, high recycling, high redundancy and low net ecosystem production, compared to the other systems selected. These characteristics, encountered in many estuaries, presented less extreme values.
Introduction
In coastal management, it is necessary to have an overview of ecosystem functioning which is necessarily done through a holistic description (Jørgensen and Müller, 2000a) . One way to gather all the information on an ecosystem's biocenosis and assess the relationships between its various components is to build its food web (Winemiller and Polis, 1996) . As it is difficult to comprehend the nature of complex food webs through direct observation, indices characterizing food web properties through an overall vision of its structure and its functioning have been developed (Ulanowicz, 1986; Kay et al., 1989) . The aims of network analysis indices are to characterise the overall structure of the ecosystem and to assess both direct and indirect relationships between compartments (Szyrmer and Ulanowicz, 1987) . A "goal function" is supposed to tend to an optimum as the system evolves (Bendoricchio and Jørgensen, 1997) , but if there is a preferred state or goal for the ecosystem, it is not often well defined (Fath, 2004) . Various hypotheses have been proposed, such as a maximizing Power output (Lotka 1924 in Bendoricchio and Odum and Pinkerton, 1955) , Ascendency (Ulanowicz 1986) , Emergy (Odum 1988) , Exergy (stored, Jørgensen 1999 or dissipated, Schneider and Kay 1994) , ratio of Emergy/Exergy (Bastianoni and Marchettini 1997) . Many properties of the ecosystems, in terms of energy utilization, organization, synergism, or homogenization due to indirect effects have also been used (Higashi et al. 1993 , Patten 1995 , Fath and Patten 1998 . Exergy, Emergy, Power, Ascendency and indirect effects seem to present a common basis (Patten 1995) . Even though they cannot be unified in one single theory (Jørgensen and Müller, 2000b) , they are mutually consistent (Fath et al., 2001) . They can then be used to compare ecosystems and to describe their relative evolutions. Indeed, considering that the mean ecosystem computed as a static food web represents a stabilized system under certain constraints, it is possible to compute some indices on the basis of some goal functions (adapted originally to study the evolution of simulation models or to evaluate systems, e.g. Exergy - Marques et al., 1997; Fath et al., 2004) . Baird et al. (1991) showed that ecosystem comparison based on network analysis indices can be used for a better characterization of ecosystems. European intertidal mudflats are among the most biologically productive areas in the world (McLusky and Elliott, 2004) . Along the French Atlantic coast, Aiguillon Cove and Brouage Mudflat are macrotidal ecosystems mainly composed of extended mudflats. They are similar in terms of their benthic fauna. Both are major European sites for shellfish (oyster and mussel) culture (Goulletquer and Le Moine, 2002) . They differ by the presence of a salt-marsh adjacent to the large mudflat in Aiguillon Cove, absent in Brouage, and by the extension of the shellfish structures, much more extended in Brouage than in Aiguillon Cove. The shape of the coast and the location of rivers also present differences. Aiguillon Cove has a longer residence time and a direct river input, differing from the Brouage Mudflat. In this study, we examined how these similarities and differences impacted food web functioning. This functioning was characterised through the calculation of network analysis indices and was compared between the two sites. In order to place these results in the context of coastal ecosystems in general, network indices from AC and BM were then compared to those of published food webs from the literature that had similar structures. Our hypothesis was that these two European type soft-bottom semi-enclosed coastal ecosystems, under estuarine influence, would have common characteristics, but that their slight, especially morphological, differences would also result in differences in food-web functioning, which could be elucidated by a network analysis approach. The Brouage Mudflat has been annually modelled by Leguerrier et al. (2003 Leguerrier et al. ( , 2004 , and compared to Aiguillon Cove by a direct observation of the food-web flows (Degré et al., 2006) . The method used for estimating missing values of the carbon flows was inverse analysis (Vézina and Platt, 1988) . Degré et al. (2006) modified this approach for coupling two seasons. Based on ecological modifications of the communities, the "summer" season was defined as mid-March to mid-October, and the "winter" season as the rest of the year. The objective of the present paper was to go further in the trophic functioning description of these two close ecosystems. Network indices (Ulanowicz, 1986; Kay et al., 1989 ) of these two food webs were estimated and used to compare the functioning of these systems between summer and winter. Then indices were calculated on a mean annual basis and compared to computable or published indices in several food webs models available in marine scientific literature.
Material and Methods

Study sites and model construction
[ Figure 1 ] Located on the South-Western Atlantic French coast (Figure 1 ), the Charentais Sounds (Pertuis) are semi enclosed macrotidal areas protected from the ocean influence by islands (Ile de Ré and Ile d'Oléron) and influenced by estuarine transport through the Charente and Sèvre Niortaise rivers. They are characterized by the presence of large mudflats, which are the sites of an extensive shellfish culture (Goulletquer and Héral, 1997) , juvenile fish nurseries (Le Pape et al., 2003) and feeding grounds for wintering shorebirds (Triplet et al., 2001) . The Brouage mudflat is located on the eastern part of the Marennes-Oléron Bay. It covers 40 km² ; with a flat bottom slope (1:1000) and a very wide (4.5 km) tidal area. The current speed varies from 0.2 to 0.6 m s -1 (Bassoullet et al., 2000; Le Hir et al., 2000) . Oyster culture on racks covers 16% of the intertidal area, located on the lower part (Lemoine, pers. comm.) .
The Aiguillon Cove is a large intertidal area (Verger, 1968) , constituted mainly of large mudflats (33 km²) and surrounded by salt-marshes (11 km²). This cove is a semi-circular sedimentation basin for silts and clays (Verger, 1968) . It has a gentler bottom slope and a larger mudflat on the southern than of the northern part (1.5:1000 vs. 1.8:1000 and 3.5 vs. 3 km, respectively). Current speeds average 0.2-0.6 m s -1 (SHOM, 2001) . The mudflat was considered as composed of 97% of "free" mudflat, 2% of mussel cultures and 1% of oyster racks. A previous study of these two systems (Degré et al., 2006) estimated carbon flows on an average square meter of mudflat using inverse analysis. Two seasons ("summer": mid-March to mid-October, and "winter": the rest of the year) were distinguished. This partition has been chosen to take into account: (1) the wintering of migratory birds (which arrive in October and depart by March); (2) the gastropoda Hydrobia ulvae, which begin to reproduce in March (Haubois et al., 2004) ; (3) the nematodes, which are more numerous in winter (Rzeznik-Orignac et al., 2003) ; and (4) the microphytobenthos which usually begins their high primary production in March . The inverse analysis, as developed by Vézina and Platt (1988) , was adapted by Degré et al. (2006) in order to compute simultaneously the two seasonal food webs. Biomass was considered constant over the annual period. A biomass variation was considered between the two seasons, when documented. Available information on the flows included field estimates (e.g. bacterial production), experiments (e.g. grazing of diatoms by nematods) and validatedmodel results (net primary production). The input and output flows of plankton and detritus by hydrodynamic transport were estimated using simple physical equations. Unknown flows were constrained with inequalities from literature data. In the Aiguillon Cove and the Brouage Mudflat, Degré et al. (2006) described 16 compartments: microphytobenthos, phytoplankton and resuspended microphytobenthos, benthic foraminifers, nematodes, bivalves (mainly Scrobicularia plana and Macoma balthica), annelids (mainly Hediste diversicolor, Neanthes succinea and Nephtys hombergii), gastropods (mainly Hydrobia ulvae), arthropods, shellfish culture (Crassostrea gigas in the Brouage mudflat and Mytilus edulis in the Aiguillon cove), pelagic microzooplankton (ciliates and flagellates), mesozooplankton (mainly copepods), fish juveniles (mainly carnivorous fishes, especially juvenile flat fish Solea solea), adult grazing fish (mainly mullet Liza ramada), and shorebirds (mainly Dunlins Calidris alpina, Knot Calidris canutus and black-tailed Godwit Limosa limosa), and benthic and pelagic detritus, which also include the free and attached bacteria. A total of 106 carbon flows (see Figure 3 in Degré et al., 2006) were calculated between the compartments. The same food web structure was taken into account in summer and in winter. Because there was more extensive data for the Brouage Mudflat, the conceptual models of inverse analysis were slightly different: the BM detritus compartments were divided into dissolved organic carbon (DOC), particulate organic carbon (POC) and bacteria. Then, these 3 compartments were aggregated for the Network Analysis, so that the structure of the model would be the same in the 2 studied ecosystems.
Inter-ecosystem comparisons
[ Figure 2] Figure 2 ), according to the availability in the literature of a static model either built with inverse analysis (Vézina and Platt, 1989) or with ECOPATH (Christensen and Pauly, 1992) and that coupled benthic and pelagic layers. All models were annually averaged. Biomass-based model values were converted into gC with the assumption that 1 g wet weight = 0.04 Gc. All results are expressed in gC.m -².y -1
. Models were selected according to their level of aggregation of species into compartments considered similar to the one of the French mudflats. The models chosen had from 12 to 24 compartments. More detailed models (St Mark in the Apalachee Bay, in Florida, 51 compartments, Baird et al., 1998; Sylt-Rømø Bight, Wadden Sea, 59 compartments, Baird et al., 2004) were included in the discussion for the indices that were less sensitive to the model structure, but they were excluded from the quantitative analysis in order to limit structural differences between the studied models.
[Three upwelling systems were selected. The Peruvian upwelling system (Figure 2 ) is a part of the larger Humbolt Current System in the south-western Pacific (Baird et al., 1991) . It supports one of the most productive fisheries in the world (Baird et al., 1991) . The Benguela upwelling system is situated along the West coast of Africa in the South-East Atlantic Ocean (Heymans et al., 2004) . The northern Benguela ecosystem is bounded by the Angolan gyre in the north and by the Lüderitz upwelling centre in the south. The Tongoy Bay is located in the management area of Puerto Aldea, Chile. Four subtidal habitats from Tongoy Bay were studied (Ortiz and Wolff, 2002) : (1) seagrass meadows from 0 to 4 m depth, (2) sand-gravel between 4 and 10 m, (3) sand between 10 and 14 m, and (4) mud > 14 m depth. The two African estuaries are located (Baird and Ulanowicz, 1993) on the Indian Ocean coasts. The Swartkops estuary discharges into the Indian Ocean through a constricted inlet. The estuary is small (4 km², with 1.82 km² of Spartina maritima dominated salt marshes), shallow (1.6 m of tidal amplitude), turbid and well-mixed (Baird and Ulanowicz, 1993) . The Kromme estuary discharges into the St Francis Bay through a constricted inlet. The estuary is small (3 km², with 0.8 km² of Spartina maritima dominated salt marshes), shallow (1.6 m of tidal amplitude), and well-mixed (Baird and Ulanowicz, 1993) . Three American estuaries were compared (Monaco and Ulanowicz, 1997) , all of which are under anthropgenic influence. While the Narragansett Bay has three entrances from west to east: the West Passage, the East Passage, and the Sakonnet River, the Delaware Bay mixes freshwater from the Schuylkill River at the port of Philadelphia with salt water from the Atlantic Ocean at Cape May and Cape Henlopen. The Chesapeake Bay is the largest drowned river valley estuary in the USA (Baird et al., 1991) . The mesohaline region, studied by Baird et al. (1991) , encompasses about 48 % of the total area of the Bay and receives large amounts of pollutants and nutrients in runoff. The brackish Baltic Sea is characterized by a latitudinal gradient of salinity, nutrients, hydrographic conditions, temperature and light intensity, that influences abundance, distribution, composition and diversity of species. Sandberg et al. (2000) compared three sites of the Baltic Sea: the low saline and oligotrophic Bothnian Bay, the Bothnian Sea and the Baltic proper, where salinity and nutrient levels are higher. Three European estuaries were included in the comparison. The Ythan estuary, located about 20 km north of Aberdeen, Scotland, is a maximum 620 m wide estuary. The habitats studied by Baird and Milne (1981) are comprised of 71 ha of subtidal areas and 185 ha of intertidal areas (115 ha of mud and mud-sand mixture, particularly in upper reaches, and 70 ha of sand, mussels beds, and stones, particularly in mouth and lower reaches). Baird and Ulanowicz (1993) studied the whole Ythan estuary that receives about 2000 m 3 of primary treated sewage per day from upstream towns. The Ems estuary is a shallow semi-diurnal tidal estuary draining into the Wadden Sea, including 245.7 km² of large tidal flats composed by sand in the mouth and clay sediment in the middle and upper reaches (Baird and Ulanowicz, 1993) . The Ems estuary (Baird et al., 1991) exhibits gradients of tidal amplitude and salinity. It receives large amounts of nutrients, but shows little eutrophication or pollution. The Seine Estuary is located at the interface between the French River Seine and the Eastern Channel (Rybarczyck and Elkaïm, 2003) . The downstream sector with mudflats (polyhaline or mesohaline, 10-25 ‰) is separated from the upstream sector (mesohaline or oligohaline, 0.5-10 ‰), near Honfleur.]
Synthetic Indices
Throughput and production indices
The Total System Throughput (TST) of an ecosystem is the sum of all its fluxes and hence depends on the aggregation level chosen for its representation (Kay et al., 1989) . The Net System Production (gC.m
) is the sum of all migratory (i.e. not the gross primary production) inputs to the system minus all the exports of the system (Rybarczyk and Elkaïm, 2003) . Based on Exergy (Jørgensen et al., 1995) goal functions, we established an index that defines the qualitative assessment of exchanges with the outside of the systems. We called it Net System Quality Production (units of energy). It was computed by multiplying each of those exchange fluxes by a coefficient representing the quality of the material involved in Exergy computation (Jørgensen et al., 1995) . The Detritivory/Herbivory ratio was also computed.
Cycling and trophic indices
Other indices attempt to summarise all the possible pathways between compartments, and hence are based on the calculation of the integral interaction matrix which accounts for both direct and indirect relations between compartments: the Leontief matrix (Szyrmer and Ulanowicz, 1987) . Based on this matrix, various indices can be computed, among which Average Path Length (APL) and the Finn Cycling Index (FCI). The APL (Finn, 1976) represents the mean number of steps that a particle entering the system will take before exiting. Originally, the FCI (Finn, 1976) gave the proportion of material cycling in the system versus straightforward flows that do not cycle. It was reformulated by Ulanowicz (1986) who chose to normalize it by the TST and computed it by removing one by one the cycling elements of the networks, hence calculating also the number of cycles and their average length. The Lindeman representation of a food web aims to visualize it as a food chain (Lindeman, 1942) , with primary producers and detritus at the first level. According to their diets, compartments are dispatched amongst integer number Trophic Levels between which Transfer Efficiencies can be computed (Ulanowicz, 1986) . Compartments are also given an index which represents their average Trophic Level.
Energy flowing indices
The use of thermodynamic functions has allowed energy flowing thorough ecosystems to be quantified. Ascendency (A) is a measure of the amount of information flowing within a system, multiplied by the TST (Ulanowicz, 1986) . Its upper bound is the Development Capacity (C) and the gap between the two is composed of 'overheads': on imports, on exports, dissipative (respiratory) and pathway redundancy (Ulanowicz, 1997) . Relative Ascendency (A/C), relative Redundancy (Redundancy/C) and internal relative Ascendency (Ascendency/internal Development Capacity) were also calculated.
Inter-ecosystem comparisons
The comparisons focused on two 2-dimensional indices: Net System Production and Net System Quality Production, and non-dimensional indices: FCI, Detritivory / Herbivory ratio, Primary Production Efficiency (net primary production / herbivory), relative Ascendency and Redundancy, internal relative Ascendency, Net Primary Production / total Biomass (productivity), Gross Primary Production / total System Respiration, APL and number of trophic level. When possible, indices have been computed from results described in the articles, either using netwrk.exe © (Ulanowicz, 1999: http://www.cbl.umces.edu/~ulan/ntwk/network.html) concerning the counting of cycles within the food webs), or by direct calculation from indices described above, when they were recorded, or flux-diagram results when they were precise enough. To examine the relationships between the indices and to characterise the different ecosystems, Spearman rank correlations were calculated and a principal component analysis (PCA) was performed on the table of the indices for the different ecosystems. In order to suppress missing values, the Tongoy Bay and Northern Benguela upwelling were not taken into account in these analysis, nor the number of trophic levels and the primary production efficiency. These analyses were performed with XLSTAT © .
Results
Comparison of the two seasons in the two French intertidal mudflats
[ Table 2 ] The Brouage Mudflat showed two contrasting seasons ( Table 2 ). The contrast between summer and winter was higher in Brouage Mudflat than in Aiguillon Cove for the net system quality production and for all the non-dimensional indices computed (FCI, Detritivory/Herbivory, relative Ascendency and Redundancy, internal relative Ascendency, APL and number of trophic levels). The net system production was negative for both seasons in the two systems. The net system import was higher (higher absolute values) in Aiguillon Cove than in Brouage Mudflat. For each site, the net system import was higher in summer than in winter. The enrichment in high quality material (measured by net system quality production) observed was not the same either: while Aiguillon Cove exports were more enriched during summer than winter, it was the opposite in Brouage Mudflat. In Brouage, the high winter quality production was connected to the seasonality of the oyster production, mainly harvested in winter, and in Aiguillon, with the high migration of grazing fish in summer. The Brouage Mudflat was characterised, from summer to winter, by the decrease of APL, FCI, number and length of cycles, and number of trophic levels and the increase in A/C, internal relative Ascendency and Net System Quality Production, while these indices were equivalent for the two seasons in Aiguillon Cove. The difference between A/C and internal relative Ascendency was similar in Brouage Mudflat and Aiguillon Cove during the two seasons. Different pathways occurred during the two seasons for Brouage Mudflat, whereas the diets of each compartment remained approximately the same in Aiguillon Cove. The nekton juveniles in Aiguillon Cove, for instance, had a diet exclusively composed of bivalves, while they changed their diet at Brouage Mudflat from predation of 50% on bivalves, 25% on gastropods, and 25% on arthropods in summer, to 75% on bivalves and 25% on gastropods in winter (Degré et al., 2006) . Grazing fish from Aiguillon Cove had a mixed diet of microphytobenthos and detritus at both seasons, while at Brouage Mudflat they switched from an exclusively herbivorous diet in summer to prey on nematofauna in winter. They then entered into competition with carnivorous annelids. Overall, diets were more based on detritus than on primary production, with a Detritivory/Herbivory ratio higher in winter than in summer for the two ecosystems. The loss of one Trophic Level and increase of the Trophic Efficiency from level 2 to level 3 was due to the combined decrease production efficiency of annelids and increase in that of the nematodes: there was a change in the carbon pathways in Brouage Mudflat, which did not occur in Aiguillon Cove. Indeed, the nematode populations were more numerous in winter than in summer in Brouage (Rzeznik-Orignac et al., 2003) , contrary to what is observed for macrofauna.
Annual properties and inter-ecosystem comparisons
[ Table 3 ] The annual models of Brouage Mudflat and Aiguillon Cove were compared to several ecosystems from the literature (Table 3) . Brouage Mudflat and Aiguillon Cove had a very low Net System Production. These negative values were due to high material import mainly composed of detritus. Negative values were also found for Swartkops estuary, Kromme estuary and Chesapeake Bay. In contrast, the Net System Quality Production was very high compared to the other systems. This corresponded to the export of living material (phytoplankton, zooplankton, bird, fish and commercial export of bivalve production [ Table 4 ] The correlation matrix between all network indices (Table 4 ) presented a complex pattern of interactions. The strong negative correlation between Relative Ascendency and Redundancy was directly linked to the calculation of these indices. The same was true for the positive correlation between total Relative Ascendency and internal Relative Ascendency. The negative correlation observed between productivity and FCI could be related to the fact that recycling and matter input were the two possible ways of increasing the flows in a system (Borrett and Osidele, 2006) . Moreover, the recycling (FCI), by decreasing the proportion of the flows derived from the production, increased the APL (Christensen, 1995; Borrett and Osidele, 2006) . FCI was also positively related to redundancy, expressed as its ratio to development capacity. The gross primary production/respiration naturally correlated to Net System Production, and was negatively correlated to Detritivory /Herbivory as a high gross primary production enhances herbivory. The net system production also positively correlated with internal Ascendency, which could correspond either to a enhancement of internal flows or of their organisation. Cycling played a central role in the multiple correlations observes (Borrett and Osidele, 2006) . The principal component analysis of these indices constructed a first component (34% of the variance) positively correlated with recycling (FCI contributed to 16% of the variance and was the dominating factor in the first axis construction), and redundancy (contribution: 14%) and negatively correlated to Ascendency (13%) and the net system production (13%). On the first axis, all estuaries models were located on the right hand side, with the exception of the first Ythan model and the Seine model. This corresponded to the fact that most of the estuaries presented a high FCI, high redundancy and a low net production and A/C. Brouage Mudflat and Aiguillon Cove showed the same tendency as estuaries, with less extreme values than that of Narragansett Bay, Kromme or Swartkops estuaries. The second principal component (that explained 20% of the variance) was positively correlated to the internal relative Ascendency (contribution: 28%, dominating variable on this axis), and negatively correlated to the difference between total and internal relative Ascendency (22%, linked to the sensitivity to external exchanges) and to the production of quality (14%). Brouage Mudflat and Aiguillon Cove were located at the extreme low values of this axis, with high quality production and high dependency to external exchanges.
[ Figure 3] 3. Discussion
Seasonal variations:
According to our model, the Brouage Mudflat was characterized by a higher level of organization in winter than in summer. This would be linked to a higher redundancy of the flows in summer. This higher level of organization in winter implies a lower adaptation capacity (Heymans et al., 2002 ). This seasonal difference was not observed in Aiguillon Cove, but as this model presented more gaps in seasonal data, no conclusion will be drawn from it.
Comparing the Relative Ascendency and the internal Relative Ascendency quantifies the dependency on external factors. Indeed, the computation of internal Ascendency and development capacity does not consider the exchanges with the outside (Ulanowicz and Norden, 1990) : hence, the gap between the two consists only of the internal Redundancy. The comparison between total and internal relative Ascendency represents a degree of dependency on the exogenous connections to adjacent ecological and physical systems (Baird et al., 1991) . This difference remained constant during the two seasons, at both study sites, implying a constant dependency to external exchanges. The drop in APL, FCI, the number of cycles and their mean length suggest a diminution of stress for Brouage Mudflat during winter (Baird and Ulanowicz, 1989) . The loss of one trophic level in Brouage Mudflat was associated with higher transfer efficiency between the two preceding ones, a lower trophic level of nekton juveniles but a higher one of grazing fish. Indeed, very different pathways occurred in summer and winter for Brouage Mudflat, whereas the diets of each compartment remained approximately the same in Aiguillon Cove. These observations underline the interest of coupling two seasons in the modelling of a food web, provided that enough information is available to characterize the seasonal patterns of the populations. The key role of nematodes is also shown in the food web dynamics. It had already been demonstrated that nematodes were an important compartment for benthic communities (Gerlach, 1971) , at the detrital level (Escaravage et al., 1989) , in the transfer of material towards higher trophic levels (Coull, 1990) , and in food-web functioning (Leguerrier et al., 2003) , but it is emphasized here that they may also play a structural role by forcing the trophic organization of the ecosystem. Schmid-Araya et al. (2002) suggested that meiofauna play a key role as intermediate between trophic levels, and adding this compartment in a conceptual model increased its complexity. Hence, meiofauna is an important compartment to consider in the choice of aggregation level in the conceptual model. All these comparisons were done in tendency, without testing the significance of the observed differences. The lack of information on the variability of the numerous processes estimated, and on the biomass of some compartments, did not allow processing this statistical analysis (Bondavalli et al., 2006) .
Annual system properties
Even though overall activity (TST) in Brouage Mudflat was 1.5 times higher than in Aiguillon Cove, the two mudflats showed similar global functioning, with net import from the ocean, net export of primary production, a predominance of benthic primary production over pelagic primary production due to its high turbidity (Blanchard and Cariou Le Gall, 1994) , and dominating consumption of detritus. In parallel to a high benthic primary production, they both import material from the water column. To go further in this overall comparison, we will compare our two food-web results with those concerning other similarly modelled food webs.
Advantages and limits of the inter-ecosystem comparison
The use of network analysis for comparing ecosystem properties has been the subject of numerous articles bringing interesting ideas to coastal ecology. However, the dangers of such a comparison have also been highlighted. Early comparative studies using network analysis (Baird et al. 1991 (Baird et al. , 1993 emphasized that the degree of aggregation among the compartments had to be essentially the same in order to avoid artificial dissimilarities. Christensen (1995) has shown that several network indices were sensitive to the level of aggregation. This is why the selection made here was based of the number of compartments, and on the similarity in this level. Moreover, the comparison was only made on carbon-based or mass models translated into carbon. Models in phosphorus or nitrogen currency were not taken into account as they would involve processes specific to these currencies. However, some differences would remain between the compared models as shown in Appendix 1. Only Brouage and Aiguillon Cove had exactly the same structure. Others varied in the number of non-living compartments and micromeiofaunal living compartments. Both have been shown to be sensitive when using network analysis (microbial loop: Abarca-Arenas & Ulanowicz 2002, non-living material: Allesina et al. 2005) . This is why the comparison of the two systems Aiguillon Cove and Brouage with the other systems will be done considering tendencies and not exact values.
Systems importing quantity but exporting quality
Even though the two study sites import material, as opposed to most of the other systems (Table 4 ), the quality of imports is lower than that of exports. The quality of a unit of material is linked to the information embodied in its components. Marques et al. (1997) have followed the simplification proposed by Jørgensen et al. (1995) to compute Exergy: the simple multiplication of the compartment's biomass by a weighting factor using the detritus at the basic referencelevel gives, in arbitrary units, the quality embodied in the biomass considered. The yearly gains in quality were 304% and 123% of the yearly quality inputs for Aiguillon Cove and Brouage Mudflat, respectively, and each season had also a positive net quality production. Hence, the two systems were "producing quality" all over the year. Moreover, they were, amongst the most quality-productive systems (Table 4 ). The Kromme Estuary imports quality, all the others (when quality could be computed from the published results) export quality, but only the Peruvian upwelling exports more quality than Aiguillon Cove and Brouage Mudflat.
Systems under low stress
The FCI can be used for comparison purposes, even though it is subject to discussion (Allesina and Ulanowicz 2004) concerning its absolute value which may not include all flows involved in cycling. However, the new method they introduced (comprehensive cycling index, CCI) appears to be linearly related to FCI, in their analysis of 23 ecosystem models. As CCI is computationally intensive to determine, and appears as a linear multiple of FCI, most of recent studies remain focused on FCI (e.g. Borrett and al., 2006) . Monaco and Ulanowicz (1997) associated high FCI and APL values with a high efficiency in retaining particulate matter within the food web. FCI has also been related to positive feedbacks in ecosystems that contribute to stability, and has been observed inversely correlated with system recovery time (Vasconcellos et al., 1997) . According to Baird and Ulanowicz (1989) , however, a paucity of cycles coupled with a high FCI index indicates a disturbed system. Baird et al. (1991) also associated a high FCI with a stressed system more than with a stable one. These findings may not be incompatible, and one could argue that stressed conditions could enhance rapid ecosystem adaptation. Here, even if the FCI was higher than in particular systems such as upwelling systems, they remain relatively low. The values of Brouage Mudflat and Aiguillon Cove are close to the mean FCI value of St Mark National Wildlife Refuge seagrass ecosystem (18 %: Baird et al., 1998) and of the Sylt-Rømø Bight ecosystem in the Wadden Sea (17%: Baird et al. 2004) . The low FCI of Brouage Mudflat and Aiguillon Cove associated with a great number of cycles, might reveal a poorly stressed system. In Brouage Mudflat, the FCI is higher than in Aiguillon Cove. This is related to a more important shellfish culture. This could be interpreted as the fact that Brouage Mudflat, would be more stressed and adaptive than Aiguillon Cove. The amount of overheads is also believed to indicate system resilience and strength in reserve (Heymans et al., 2002) : low values of A/C were observed for Brouage Mudflat and Aiguillon Cove. Both presented a high adaptation capacity.
A large diversity of resources
The detritivory/herbivory ratio of both Aiguillon Cove and Brouage Mudflat was within the range observed for estuaries and bays, being closest to that of Delaware and Chesapeake bays. Values of detritivory/herbivory were in the low part of this range in the models of St Mark (1.8; Baird et al., 1998) and Sylt-Rømø Bight (1.4; Baird et al, 2004) . Relatively low for Aiguillon Cove, the D/H ratio was higher in Brouage Mudflat, meaning that detritivory was an essential process there. The efficiency of transfer of the primary production toward herbivores in Aiguillon Cove was higher than in Brouage Mudflat, and both of them were superior to the average observed for estuaries and bays and to values observed in the models of St Mark (46.6%; Baird et al., 1998) and Sylt-Rømø Bight (57.5%; Baird et al, 2004) . Hence, we can conclude that Brouage Mudflat and Aiguillon Cove benefit from a large diversity of resources in comparison to other systems. Indeed, it is known that those two mudflats receive material from different origins: river-borne detritus, neritic phytoplankton, microphytobenthos and "true" phytoplankton constitute a great variety of resources, used in the food web with efficiency (Riera, 1998; Guarini et al., 2004; Haubois et al., 2005) . Brouage Mudflat was, amongst all the compared ecosystems, the one that had the largest difference between total and internal Relative Ascendency values. Aiguillon Cove's indices showed also a large difference, comparable to that in the Seine Estuary. Hence, we can conclude that our two systems appeared to be very dependent on external conditions, with a higher dependence for Brouage Mudflat.
An intermediate maturity
According to Christensen (1995) , neither Maturity nor Stability can be defined consistently. Ulanowicz (1986) , and then Baird et al. (1991) and Ulanowicz and Abarca-Arenas (1997) linked Maturity sensu Odum (1969) with Ascendency, observing that an increasing Ascendency was structurally linked to a higher species richness, more retention of resources within the system, and a tendency towards trophic specialization. Hence, in the absence of major perturbation, ecosystems should exhibit a propensity to increase their Ascendency. This has been discussed by Christensen (1995) , as he found a negative correlation between Ascendency and Maturity. Perez-España and Arregun-Sanchez (1999) proposed an index of Maturity that they first linked to Stability and then, with dynamic simulations, found to be inversely correlated with stability (Perez-España and Arregun-Sanchez 2001). We will here evaluate the maturity of a system according to the coupled observation of net primary production / biomass (NPP/B) and gross primary production / system respiration (GPP/R) indices, following Odum's (1969) explanations in our interpretation. The combined observations of NPP/B and GPP/R would suggest a more advanced maturity for Brouage Mudflat than for Aiguillon Cove, while the two systems should be, because they are under estuarine influence, relatively juvenile in comparison to other marine ecosystems (Frontier and Pichod-Viale, 1995) . The low APL and number of trophic levels could be partly due to the fact that the bacteria were merged with the detritus in a single compartment, whereas in most of the presented systems (Baird et al., 1991; Baird and Ulanowicz, 1993; Monaco and Ulanowicz, 1997; Sandberg et al., 2000) , free pelagic bacteria are separated (Annexe 1). Indeed, the computation of the number of trophic levels for the Brouage Mudflat system in which bacteria were separated showed 5 trophic levels, and the Baird and Milne (1981) model of the Ythan estuary, which did not include separate bacterial compartment, showed 4 trophic levels. However, bacteria were not separately included by Rybarczyk and Elkaïm (2003) or Heymans et al. (2004) , which present systems with at least 5 trophic levels. Moreover, the computation of the APL for Brouage Mudflat with bacterial compartments did not give a higher value (it was even lower: 1.63 was obtained). According to Valandro et al. (2003) , the number of energy transformation levels in trophic webs is usually below 5, but the number is greater in aquatic ecosystems. The transfer efficiencies are also very low for Aiguillon Cove and Brouage Mudflat in comparison to other systems values, which generally exceed 30% and can easily reach 70% for the first step. Frontier and Pichod-Viale (1995) described the maturation of ecosystems in terms of gains in accumulated organic matter, in diversity of species and of ecological niches, in complexity, recycling, and organization, and proposed structural interpretation of rank-frequency diagrams.
In Aiguillon Cove and Brouage Mudflat, such an interpretation of the rank-frequency diagrams of species showed a less mature system for Aiguillon Cove, as only 2 species, Scrobicularia plana and Hydrobia ulvae, dominate the populations, whereas the diagram is more equilibrated in Brouage Mudflat (Degré, unpublished results) .
Conclusion
The network indices of the different ecosystems, synthesised by the principal component analysis, underlined the high similarity of functioning of Aiguillon Cove and Brouage Mudflat. Both presented general trends of most of the analysed estuaries (high redundancy, high recycling, low net production compared to the others) but these characteristics were less extreme than in most of the estuaries. Their only extreme position concerned their high quality production, and especially the export of living material: cultivated shellfish, grazing fish, and their dependency on external exchanges, linked to a high diversity of resources. Baird et al. 1991 , 2-Ortiz and Wolff 2002 , 3-Heymans et al. 2004 , 4-Baird and Ulanowicz 1993 , 5-Rybarczyk and Elkaïm 2003 , 6-Monaco and Ulanowicz 1997 , 7-Sandberg et al. 2000 , 8-Baird and Milne 1981 , 9-Degré et al. 2006 . When a reference is cited by new authors, the new reference is after (exponent into brackets) the original one. ), Net System Quality Production (NSQP: energy unit), Average Path Length (APL) and Number of trophic levels (N (TL) ), Total Finn Cycling Index (FCI), fluxes to Detritus / Total System Throughput (FtoD/TST), detritivory/herbivory (D/H), Relative Ascendancy (Ascendency/Development Capacity: A/C), Redundancy normalized by the Development Capacity (R/C), internal relative ascendancy (Ascendancy/internal Development: A i /C i ), Primary Production Efficiency (PPeff: net primary production / herbivory), Net Primary Production / total Biomass (without detritus) (NPP/B), Gross Primary Production / total System Respiration (GPP/R), Net Primary Production / non-primary producers Respiration (NPP/R). When the computation was possible, values not given in the cited articles have been computed (values in italics), when it was not possible, the corresponding cells are left blank. Coloured cells correspond to values that are superior to the mean data for the studied systems. (Table 3) , calculated from the 18 models taken into account in the PCA (those with a PCA abbreviation in Table 3 Annexe 1: Structure of the selected models for the inter-system comparison. DOC=Detritic Organic Carbon, POC=Particular Organic Carbon, bacteria and primary producers. The blank cells mean that the compartment does not exist in the model. The non empty cells contain either information when details about compartment contents are given or an asterisk when the compartment is described only by the heading of each column. Number of compartments ('non fauna' (including det, DOC, POC, bacteria and primary producers), micro-meio-fauna (including zooplancton, meiofauna and foraminifera), invertebrate fauna (benthos and epifauna) or vertebrate fauna (fish, birds and mammals)) in each food web model (same bibliographic references as in table 1). 
